Pain is a subjective and multidimensional experience that is impacted by a complex interaction of nociceptive, psychological, and social components. Studies of surgical patients suggest that a patient's preoperative responses to experimental pain tests (EPTs) or quantitative sensory tests administered before surgery can predict 4 -54% of postoperative pain experience variance. 1 -5 EPTs that predict pain experienced in the labour setting have not been studied, nor has the predictive value of pain rating during peripheral i.v. cannulation.
There is large inter-patient variability in the labour pain experience and response to analgesia in clinical care. The ability to identify, before labour, women at risk of experiencing worse labour pain and having higher analgesic requirements is potentially very beneficial. Identifying patients at risk of severe labour pain before the onset of labour may facilitate the development of individualized or stratified analgesic plans and can potentially improve labour pain management. Different epidural drug dosages could be utilized in those who may need it and additional adjunct medications that have too many side-effects for routine use (e.g. clonidine or neostigmine) could be added to epidural solutions in patients 'at risk' of severe labour pain.
EPTs could quantitatively predict these important labour analgesic outcomes. Secondary aims were to determine the EPT modality and method with highest correlations to the labour pain experience, and also to determine correlations among the various EPTs in the labour pain setting.
Methods
After Stanford University Institutional Review Board approval and written informed consent, 50 healthy (ASA class I or II) nulliparous and multiparous women age 18-45 with a singleton full term (.37 weeks gestation) pregnancy undergoing induction of labour and desiring a labour epidural were enrolled in this prospective case-controlled study. Patients were excluded from study participation if they met any of the following criteria: trial of labour after Caesarean (TOLAC); multiple gestation; morbid obesity (BMI .40 kg m
22
); significant medical or obstetric disease; inability to understand English; chronic opioid or antidepressant use; recent (,48 h) intake of any analgesic medications; opioid or local anaesthetic intolerance or allergy; any contraindication for epidural analgesia. Patients were approached to participate in the study after admission to the labour and delivery suite at Lucile Packard Children's Hospital and before initiation of induction of labour. We did not standardize participant's fasting status before enrolment.
Pre-induction predictive tests and data
Participant characteristics and obstetric data and questions related to the women's pain expectations were obtained during the initial interview before initiation of induction of labour. The EPTs were performed shortly after the initial interview and data collection.
A thermal sensory analyser (TSA-II, Medoc Advanced Medical Systems, Durham, NC, USA) was used to determine heat pain threshold, tolerance and a suprathreshold pain rating. A 16 mm×16 mm thermode head was applied to the skin on the volar aspect of the dominant forearm, at a marked point halfway between the ulnar styloid and the medial epicondyle. The thermode was heated at a rate of 18C s 21 starting at a temperature of 358C and limited to a maximum temperature of 528C to prevent tissue damage. Women were asked to report when the heat stimulus was first perceived to be painful (threshold) and to push the button of a hand-held device when they no longer could tolerate the pain (tolerance). Pushing the button resulted in immediate active cooling of the thermode. Measurements were determined after the patients felt adequately trained in all aspects of the testing procedure. The procedure was repeated for a total of five times and the average of the last three thermode temperatures evoking pain was recorded. Visual analogue scale (VAS 0-100 mm; 0, no pain; 100, worst pain imaginable) pain rating during a 3 s suprathreshold thermode temperature of 488C were also determined. The suprathreshold value of 488C was selected before the start of the study based on findings from a previous study, indicating that a suprathreshold stimulus of 488C was most reliable at pain prediction after a Cesarean delivery. 8 The suprathreshold heat rating was performed twice and the mean of two ratings was recorded. Pressure pain threshold and tolerance were obtained using an electronic pressure algometer (Somedic AB, Sweden). Pressure was applied at a rate of 3 N cm 22 s 21 to the pulp of the third finger of the dominant hand. Similar to heat pain testing, threshold was determined when women first perceived the pressure stimulus to be painful and tolerance recorded when they no longer could tolerate the pain. Pressure threshold and tolerance tests were repeated three times and the mean of the last two was recorded. A suprathreshold pressure (VAS 0-100 mm; 0, no pain; 100, worst pain imaginable) pain rating was determined at 38 N cm 22 for 3 s. The suprathreshold pressure rating was performed twice and the mean of two ratings was recorded. In addition to the heat and pressure EPTs, the pain associated with peripheral i.v. (forearm, 18 G) cannulation inserted without prior local anaesthetic infiltration was assessed using a numerical verbal pain score (VPS 0-10; 0, no pain; 10, worst pain imaginable). The i.v. cannulation was done by an anaesthesiologist in a standardized manner in the woman's non-dominant hand whenever possible. We did not use a distraction or expectation technique, and only stated that 'we are now going to insert your i.v. cannula'.
Study participants were assessed hourly from the start of their induction of labour until delivery. The onset of labour was defined as the onset of painful contractions. The induction of labour was not standardized for the study protocol, and was determined by hospital protocol and obstetrician preference. The protocol for induction of labour at our institution includes misoprostil (Cytotec) 50 mg orally then 100 mg orally every 4 h, or dinoprostone vaginal insert (Cervidil) 10 mg for cervical ripening, followed by increasing doses of oxytocin (starting at 1 mU min 21 and increasing 2 mU min 21 every 30 min to a maximum of 30 mU min 21 ) as necessary.
Upon request for epidural labour analgesia, a pain score (VPS 0-10) and cervical dilation was recorded. An epidural catheter was placed as per standard of care in the sitting position, using a 17 G Tuohy needle and a standard loss of resistance to saline technique at the L3/4 interspace. A 19 G, closed-tip, spring wound, single-orifice epidural catheter was inserted 5 cm into the epidural space and aspirated for blood or cerebrospinal fluid. Initial analgesia was provided with 15 ml of 0.125% bupivacaine with sufentanil 10 mg injected in 5 ml increments 3 min apart. No local anaesthetic test doses were used apart from incremental dosing of the initial solution. After the initial epidural bolus, an epidural patient-controlled epidural analgesia (PCEA) was initiated. The PCEA consisted of 0.0625% bupivacaine with sufentanil 0.4 mg ml 21 at the following settings: 8 ml bolus, 10 min lockout, and 8 ml h 21 background infusion. Supplemental 'rescue' analgesia was provided with 5-10 ml boluses of 0.125% bupivacaine, repeated as clinically indicated. If this PCEA regime failed to provide adequate analgesia because of rapid labour progress, 5-10 ml bupivacaine 0.25% could Sensory testing to predict labour pain be given at the discretion of the anaesthesiologist caring for the patient.
Clinical response variables
The primary outcome measures recorded were: time from onset of labour to epidural request (minutes), pain at epidural request (VPS 0-10), pain during labour [area under the curve (AUC)], worst pain during labour (VPS 0-10), and epidural local anaesthetic use (mg h 21 ). Pain scores were recorded by an anaesthesiologist study investigator from the onset of painful contractions and repeated hourly during labour until delivery. The mean epidural dose used during labour was determined after delivery by adding the PCEA local anaesthetic consumption with the physician rescue boluses, and was recorded as milligrams dose per hour. Investigators collecting response data were blinded from the pre-induction test results.
Statistical analysis
Patient characteristic and outcome data are summarized with descriptive statistics and expressed as the mean (SD), mean (range), median (inter-quartile range), and number (percentage) as appropriate. Bivariate analysis was first performed for each predictor and response pair to check which pairs showed significant correlation (measured by Pearson's correlation coefficient). For the bivariate analysis, we examined correlations among the seven predictors (heat and pressure pain threshold, tolerance, and suprathreshold pain rating and pain rating on i.v. cannulation) and the five clinical response variables outlined above. Suprathreshold pressure variable was missing from one individual so the value was imputed using the median in other individuals of the same variable. For the multiple regression modelling, a forward-backward model selection method using AIC as selection criterion was performed for each response variable to pick up the best model that achieved the best balance between model fitting and model complexity to minimize the problem of over-fitting. We decided a priori to examine only five predictors (heat and pressure pain tolerance and suprathreshold pain rating and pain rating on i.v. cannulation, i.e. not heat and pressure pain thresholds) for the regression modelling. To avoid spurious findings because of outlier observations, observations with outlying values for the response variable were excluded during the regression analysis. Outlying values were determined using the following definition: below Q121.5×IQR or above Q3+1.5×IQR (where Q1 and Q3 are the 1st and 3rd quartile, respectively, and IQR is the 'Inter-Quartile Range' and defined as Q3-Q1). The number of outliers removed for the response variables time to epidural request, pain at epidural request, labour pain AUC, worst labour pain, and epidural local anaesthetic used were 1, 1, 2, 0, and 5, respectively. The analysis was implemented using the statistics software R (www.r-project .org) and IBM SPSS Version 20 (Armonk, NY, USA). P,0.05 was considered statistically significant.
Results Figure 1 shows the study cohort that completed the study and had recorded values for their pre-induction predictive tests and response variables. Fifty patients were enrolled in this study and the data of 47 patients were analysed. Forty-six of 47 patients received epidural anaesthesia for labour analgesia. Thirty-seven women had successful normal vaginal delivery, three required assisted vaginal delivery, and seven underwent Caesarean delivery. Patient characteristics and obstetric data of the study cohort are outlined in Table 1 . The median (inter-quartile range) length of labour was 10 (7-15) h. Bivariate correlations among the pre-labour predictive EPTs and outcome response measures are shown in Table 2 . Heat tolerance was statistically significantly correlated with worst labour pain reported (r¼0.33, P¼0.025; Fig. 2A ) and pain rating with i.v. cannulation was correlated with time to epidural request (r¼0.33, P¼0.025; Fig. 2B ) Multiple linear regression analysis of the key clinical outcome measures and the pre-labour tests are displayed in Table 3 . Labour pain AUC VPS outcome could be predicted with heat suprathreshold pain rating, heat tolerance, and pressure tolerance combined (R 2 ¼0.26; P¼0.007). For time to epidural and worst labour pain reported, the best regression models selected by the forward-backward model selection method were simple regression models with the predictors already identified in the bivariate analysis (Table 3) . Scatter plots of the labour pain AUC VPS and the fitted values from the multiple regression models are shown in Figure 3 . Correlations among the various pre-labour EPTs are outlined in Table 4 . There were stronger correlations within the pressure (threshold, tolerance, and suprathreshold) sensory modalities than within the heat (threshold, tolerance, and suprathreshold) pain tests. There was a strong correlation between heat and pressure suprathreshold pain ratings (r¼0.67; P¼4×10 27 ; Table 4 ) and between pressure threshold and pressure tolerance (r¼0.76, P¼2×10 210 ; Table 4) .
Pain rating during i.v. cannulation was only statistically significantly correlated with heat suprathreshold pain ratings (r¼0.31; P¼0.03).
Discussion
In this study, pre-induction EPTs showed variable reliability at predicting the labour pain experience. This is the first study to our knowledge that has assessed EPTs' utility in predicting the labour pain experience. Studies that have assessed preoperative EPTs have reported variable success at predicting pain after surgery. 1 -5 The variability in success at clinical outcome prediction with EPTs may be as a consequence of the experimental conditions (timing, expertise of the tester), the clinical setting (various surgical models), the sensory modality (heat, cold, pressure, electrical), and the outcome measures recorded. The labour pain experience is very difficult to quantify, so we used various outcome measures (time to epidural request, pain at epidural request, AUC and worst pain during labour, and epidural local anaesthetic use) to try to best reflect the experience. We acknowledge that there is no ideal pain outcome variable in the labour setting. In addition, the labour pain experience can be affected by many psychological and social factors beyond an endogenous pain response. 9 -11 The complex nature of the labour pain experience may explain why the predictive EPTs were not very effective at measuring the labour pain experience. Of our five selected outcome response measures, only time to epidural request, worst labour pain, and labour pain AUC showed any statistically significant correlations with the EPTs. Despite several pre-labour EPTs contributing to Sensory testing to predict labour pain optimize the model, only 11 -25% of the variability of response outcomes could be explained with the pre-labour EPTs predictors. While these findings are somewhat disappointing, they are not unexpected based on studies in the surgical setting. Studies of surgical patients suggest that a patient's preoperative responses to EPTs can only predict 4-54% of postoperative pain variance. 1 -5 This current study setting of labour pain would be expected to show more variable outcomes than a surgical model due to the many psychological and social factors beyond nociception that contribute to the labour experience, 9 -11 and the difficulty in defining outcomes to reflect the labour pain experience.
Heat tolerance contributed to both labour pain AUC and worst labour pain prediction, while suprathreshold heat pain ratings contributed to labour pain AUC. Heat thresholds did not show any significant correlations with outcome measures. For prediction of surgical pain using heat pain EPTs, heat suprathreshold pain rating may be the best technique. 8 12 13 Granot and colleagues found that heat suprathreshold (at 488C) pain ratings were better than heat pain Pain rating during peripheral i.v. cannulation predicted time to epidural request. A number of sensory noxious stimuli have been used for EPTs including heat, cold, pressure, and electrical to try predict pain after surgery. 1 -5 Although heat pain EPTs are the most studied and possibly the most robust EPT modality, heat pain testing requires expensive equipment, operator and subject training, and is time-consuming to perform. These factors have limited the wide-spread application of heat EPTs in a clinical setting. Pain rating during i.v. cannula insertion is an easy to perform, rapid, point-of-care clinical test and requires no extra equipment. Further studies are required to elucidate the role of this modality in clinical pain prediction both in a labour and surgical setting compared with more established heat and pressure pain EPTs. Pressure pain tolerance contributed to the labour pain AUC prediction model. Preoperative pressure pain tolerance has been found to significantly correlate with the level of postoperative pain and predict analgesic use after gynaecological surgery.
14 The pressure algometer is a simple to perform EPT and equipment is relatively cheap compared with heat testing. The suprathreshold pressure EPT modality was a novel methodology that we utilized in this study based on the utility of suprathreshold heat EPT for pain prediction demonstrated in the surgical setting. 8 12 13 However, the suprathreshold pressure EPT modality was not a useful EPT in the current study. Pressure threshold similarly did not reliably predict the labour pain experience. There were a number of strong correlations among the pre-labour EPTs. There were stronger correlations among the pressure sensory modalities, and a strong correlation between heat and pressure suprathreshold pain ratings.
These findings suggest a great deal of redundancy among the tests. The ideal sensory modality and methodology has not been elucidated yet. 3 5 In this study, combining
EPTs increased the outcome prediction modelling. Future refinements of these EPTs combined with biopsychosocial tests (genetic pain susceptibility, psychological factors including anxiety, fear, pain catastrophizing, and social factors including support, education, and preparation) are required for these tests to be clinically useful tools. This study used an induction of labour population. For these predictive tests to be applied to women who undergo spontaneous labour, timely pre-labour visits near term gestation would be required for adequate application of these predictive EPTs.
In conclusion, our study demonstrates that the use of pre-labour EPTs (heat, pressure, and i.v. cannulation) were not very reliable at predicting the labour pain experience. Consistent with studies in the surgical setting, suprathreshold and tolerance tests appear more reliable than threshold for predicting labour pain responses. Pain rating during peripheral i.v. cannulation showed some utility as an EPT correlating with time to epidural request. A robust, easy, and quick to perform, point-of-care clinical test that accurately and comprehensively predicts postoperative and labour pain has not been adequately elucidated yet. Labour pain may prove to be even more difficult to predict than surgical pain due to the influence of many social, psychological and obstetric factors. Tests that accurately predict labour pain will be very useful to facilitate individualized treatment labour pain protocols, and future studies may better refine the ideal technique and methodology to predict an individual's labour pain experience before the onset of labour. 
